In order to fulfill the rapid increasing demands of the broadband multimedia and wireless communication, the Multi-input multi-output (MIMO) 
Introduction
Multiple-input multiple-output (MIMO) techniques, with their potential of achieving higher rate, greater coverage and better mobility, have been crucial techniques for future wireless communications systems [1] - [4] . In cellular systems, MIMO systems would likely operate in scenarios for which a single base station should simultaneously communicate with several users. So MU-MIMO techniques have been developed to deal with such cases above and are recognized as effective means of improving spectrum efficiency [5] . In MU-MIMO downlink communication, multi-user interference (MUI) seriously impacts the systems performance [6] . The suppression of MUI can be achieved by precoding schemes at the transmitter or/and decoding schemes at the receiver. Since the base station has more processing capability compared to the user terminal, it is more practical and significant to suppress MUI by using transmit precoding.
Dirty paper coding (DPC) can achieve the system capacity region as well as provide the maximum diversity order [7] . However, DPC and Tomlinson-Harashima precoding (THP), which is adopted as suboptimal implementation of DPC [8] , are difficult to implement in practical systems due to their high computational complexity. Linear precoding schemes were introduced with lower complexity at the expense of performance degradation. Block Diagonalization (BD) precoding or zero forcing (ZF) precoding cancel MUI completely but may suffer from noise enhancement since they ignore the noise component. They also have restriction that the number of receiving antennas should be no more than transmitting antennas [9] , [10] . Algorithms based on minimum mean squared error (MMSE) criterion take noise into consideration and break the limitation of antenna number [11] , [12] . They improve signal-to-interference-and-noise ratio (SINR) of all the users but also increase system overhead and complexity.
Schemes based on the concept of signal leakage, taking signal-to-leakage-and-noise ratio (SLNR) as the optimization objective instead of SINR, remove the coupling problem of designs maximizing SINR and have closed form solutions with reduced complexity. They also relax the antenna number restriction [13] , [14] . In the conventional SLNR schemes, precoding vectors are obtained on the precondition of equal power allocation among all the users. Since the channel state of each user is different and time-varying in the real communication system, allocating transmit power to different users adaptively according to the channel quality can improve system performance. System capacity and transmission quality are two indicators of system performance. Power allocation schemes based on SINR of each antenna [15] or each user [16] for SLNR precoding accomplish an increased sum rate. In [17] , system sum capacity is used as optimization objective. By iterative procedures, maximized system capacity is achieved. These schemes improve the system capacity. The other approach is to refine transmission quality. Power allocation method in [18] allocates power according to the trace of the channel matrix. Algorithm in [19] uses the SLNR value of each user as the indicator for power allocation. Both algorithms achieve considerable bit error rate (BER) improvement in high signal-tonoise-ratio (SNR) but are inferior to equal power allocation in low SNR regime.
In this paper, we proposed an iterative power allocation scheme aiming at minimizing the sum of mean square error of all users subject to a total transmission power constraint at the base station. In each iterative step, power allocation factors, precoding matrix and decoding matrix are generated and updated in turn. A local optimal solution could be solved in this alternating optimization. Meanwhile, a suboptimal power allocation algorithm without iteration is also proposed while limiting complexity at the expense of increased BER. As demonstrated in the simulation results, optimal iterative power allocation greatly outperforms the existing methods on BER performance. The suboptimal scheme, which reduces the computation complexity with minor BER performance degradation, also has better BER performance than equal power allocation in both low and high SNR regime. The convergence of MSE in the iterative scheme is also shown in the simulation.
The remainder of the paper is organized as follows: Section II introduces the system model of the MU-MIMO downlink. In Section III, we present the optimal iterative power allocation scheme and suboptimal scheme for SLNR precoding. Simulation results are provided in Section IV. Finally, the paper is terminated with concluding remarks in Section V. 
System model
In this paper, we consider the multiuser MIMO downlink systems where the base station transmits to K independent users simultaneously and co-channel interference is generated among all users. In the system, the base station is equipped with N t transmit antennas and each user could be equipped with multiple antennas as well. N k denotes the number of the k th user's antennas. The base station generates single stream data scalar s k for the k th user. s k will be scaled by the corresponding power allocation factor p k . Then the precoding vector w k for the k th user, with dimension N t ╳1, is multiplied on the scaled signal. The precoded signals are transmitted through N t antennas at the base station. The MIMO channel is assumed to be Rayleigh fading channel. A N k ╳N t matrix H k is used to denote the channel from the base station to the k th user. At the k th user, a 1╳N k decoding vector M k will be applied on the total received signal k to recover the desired signal. The block diagram of the system model is shown in Figure 1 .
The decoded signal at the k th user can be expressed as
Here, n k is a N k ╳1 vector to denote the noise part. Each element of n k is independent and identically distributed (i.i.d.) complex Gaussian random variable with zero mean and variance σ 2 . All symbols of s k are assumed to be independently generated with unit variance. The precoding vectors are normalized to be unity,
Moreover, a sum power constraint is applied at the BS, corresponding to
, where P total is the total transmitted power of the base station. All the elements of p k are positive real values.
Proposed power allocation scheme

SLNR Precoding with Power Allocation Factor
SLNR precoding is introduced based on the concept of signal leakage [13] , [14] . By maximizing signal-to-leakage-plus-noise ratio (SLNR), the signal power of the target user leaked to other users is reduced. Therefore, the total MUI of the system is mitigated. Closed form solution of SLNR precoding can be obtained. And there is no restriction on transmit antennas and receive antennas. In the conventional SLNR precoding [13] , [14] , the transmit power is allocated to each user equally. In this paper, we investigate power allocation schemes for SLNR precoding to get better system performance. According to the definition in [14] , the k th user's SLNR is
The expression of the k th user's SLNR is composed of three parts.  
represents the received power of the desired signal. The leakage power of the k th user to the j th user is
is the sum of the interference of the k th user to all the other users in the system. Since the noise power at each receive antenna is regarded as the same, the total noise power at the k th user can be denoted as N k σ 2 . Maximizing SLNR of the k th user will alleviate the interference from the k th user to all the other users. We suppose that the channel information is perfectly acquired by the base station. Since power allocation is done before precoding, power allocation factors are already solved before precoding vectors are obtained. Given the channel matrix H and the power allocation factor p k , w k is the only unknown element that affects the k th user's SLNR at the precoding stage. The problem can be stated as below.
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Here, O k w denotes the optimized objective precoding matrix of the k th user. Since transmit signal of the k th user s k is normalized, SLNR for the k the user, as expressed in (2) 
H is invertible, the generalized eigenvalue problem reduces to
The decoding matrix of the k th user for multi-user MIMO system is [14] 
Under precoding criterion based on SLNR, with channel matrix and power allocation factors available at the precoding stage, closed form solution of the optimal precoding matrix can be obtained and the total leakage signal power from the certain user to other users is minimized.
Optimal Power Allocation based on MMSE Scheme
The previous section gives the procedure of getting the SLNR precoding matrix and decoding matrix with power allocation factors already known. In this section, we mainly discuss the algorithm of getting the optimal power allocation factors. To achieve better system performance, we design power allocation factors by minimizing the total system mean square error for SLNR precoding under the total transmit power constraint of the base station.
The MSE of the k th user can be expressed as (9). As we can see from (7), the solution of w is related to p. According to (8) , the expression of M contains p and w. Minimizing the total MSE of all users as the objective is a coupled problem. Thus, the optimal solution of p, w, M for SLNR precoding cannot be obtained simultaneously. It can be noted that the MSE function for each user is convex over p when w and M are fixed. In this proposal, we provide a simple iterative approach to get solution of p, w, M. In each iterative process, p, w and M are obtained separately by getting the solution of one variable while fixing the other two. Because the 
power allocation, precoding and decoding operations are in turn in the communication system, we also solute p, w and M in this order in each iterative process. With this alternative optimization, local optimal solution can be adopted. Since the original expression of MSE of the k th user is convex and p 2 is also a convex function. Sum of convex functions is also convex. The Lagrange dual objective function for the k th user could then be constructed as
where μ is a real value. Using Karush-Kuhn-Tucker (KTT) conditions for convex problems [21] , [22] , we have 0, 1, ... ,
From (11), (13) and (14) we can see that 1 , ... , k   act as slack variables. Thus, the corresponding conditions can be eliminated. Equation (15) is obtained by setting
. And power allocation factor is expressed as 1 2 2
We can see p k has the form.
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Simulation results
In this simulation, quasi-static Rayleigh MIMO channel is used. The channel matrix is independent and identically distributed Gaussian variables with zero mean and unit variance. Transmitted signals are randomly generated sequences consisting of zeros and ones. The additive noise applied to all the receiving antennas with respect to the identical channel realization are of the same variance. All the simulations are conducted using QPSK modulation and each result is averaged by 50000 different channel realizations. In the simulations, ε ＝ 0.00001 is used to decide whether to continue the iterative procedure.
We simulate the performance of equal power allocation (EPA), optimal iterative power allocation (OPA) and suboptimal power allocation (SPA) for SLNR precoding. In the simulations, we compared the averaged uncoded bit error rate (BER) and sum rate of all users. The simulations are carried out in two different system configurations, denoted as 5╳ (3,3,3) and 5╳(1,1,1) . In both configurations, the base station is equipped with 5 antennas and serves 3 users concurrently. Numbers in the parentheses in the system configuration notation denote the number of receive antennas for each user.
In Figure 2 , an obvious BER gap can be revealed between optimal iterative power allocation scheme and equal power allocation. The simulation results indicate that the proposed optimal iterative power allocation algorithm has about 1.2dB gain over equal power allocation when the averaged BER reaches 10 -3 . Near 3dB gain is achieved by iterative power allocation and 1.5dB gain is obtained by suboptimal power allocation when the averaged BER is 10 -4
. The curves representing BER performance of optimal iterative power allocation, suboptimal power allocation and equal power allocation in system configuration 5╳ (3, 3, 3) are under those curves in system configuration 5╳ (1,1,1 ). The reason is that there are more receive antennas in system configuration 5╳ (3, 3, 3) than in system configuration 5╳ (1,1,1) while the number of transmit antennas and the number of served users are the same. Increasing of receive antennas will bring extra diversity gain. The BER performance gives evidence that our purposed optimal iterative power allocation and its suboptimal scheme for SLNR precoding outperform equal power allocation in all SNR regimes with different system configurations. The system capacity is depicted in Figure 3 by representing the sum rates of equal power allocation, suboptimal power allocation and iterative power allocation. As demonstrated in figure 3 , the sum rate curves of the three power allocation scheme almost coincide. In the partial enlarged views, minor capacity losses of optimal iterative power allocation and suboptimal power allocation are shown. Iterative power allocation suffers only less than 0.1 bps/Hz sum rate loss.
The uncoded BER and sum rate performances in system configuration 5╳ (3, 3, 3) are better than those in configuration 5╳(1,1,1) owing to the increased diversity gain acquired by the additional receive antennas. Figure 4 displays the variation of the averaged total MSE of optimal iterative power allocation versus iteration number under system configuration 5╳ (3, 3, 3) . The simulation is done under four configuration cases in which SNR equals to -9, -6, -3 and 0dB respectively. Simulation results demonstrate the convergence of the proposed iterative algorithm as expected. And the total MSE converges quickly as shown in Figure 4 . The value of MSE will be very approximate to the steady state solution only after a few iteration procedures. From figure 4 we can also see that in all the SNR configuration cases, the averaged MSE after the first iteration is much smaller than the corresponding initial MSE. This phenomenon validates that the suboptimal power allocation can provide better BER performance than equal power allocation. Figure 5 gives the averaged total MSE of optimal iterative power allocation versus iteration number under system configuration 5╳(1,1,1) in cases when SNR equals to -9, -6, -3 and 0dB respectively. Similar with the simulation results shown in figure 4 , the convergence of the proposed iterative algorithm in this system configuration is also revealed. The total MSE converges more quickly compared to the four cases in figure 4 . This is because the system performance in terms of BER in configuration 5╳(1,1,1) is worse than 5╳ (3, 3, 3) due to the different receive diversity.
Conclusions
In this contribution, we investigate a novel iterative power allocation scheme and its suboptimal implementation for SLNR precoding used in MU-MIMO downlink system. Based on MMSE criterion under a total transmission power constraint, the optimal iterative power allocation minimizes total MSE of all users by alternatively generating power allocation factors, precoding matrix and decoding matrix in every iteration step. Suboptimal power allocation is provided by making trade-off between transmission accuracy and system complexity. Simulation results show that iterative power allocation outperforms equal power allocation with minor capacity loss. The suboptimal scheme also has improvement of BER performance compared to EPA in both low and high SNR regimes. 
Acknowledgement
